Introduction
The genus Thymus is one of the largest and economically most important genera within the Lamiaceae (= Labiatae) family. Thymus species are distributed throughout the arid, temperate and cold regions of the Old World north of the equator, and on the coasts of Greenland [1] . The number of species within this genus is assumed to be more than 200 [2] . Many Thymus species are extensively used, dry or fresh, as culinary herbs. Also, essential oils obtained from these species were utilized as flavor ingredients in a wide variety of foods, beverages and confectionery products, as well as in perfumery for the scenting of soaps and lotions. Several Thymus species are used as medicinal herbs, and they are known to possess antispasmodic, sedative, antiphlogistic, antiviral, antioxidant, antibacterial and antifungal activities [3] [4] [5] [6] [7] [8] [9] [10] [11] .
In Libya, the genus Thymus is represented by only two species -Thymus algeriensis Boiss. et Reut., and Th. capitatus Hoffms. et Link. They are known in Libya under the common name "Zaatar" [12] . These species are commonly used fresh or dry as a spicy herbs, for medicinal purposes to treat respiratory system disorder, and against illnesses of the digestive tube and antiabortion [13, 14] . There are a number of reports on the chemical composition of essential oil of Th. algeriensis, with a large variation in the chemical profile established [3, 4, [15] [16] [17] [18] . There is only one earlier study of the chemical composition and antimicrobial activities of this species from Libya [15] . However, here we used other techniques and more organisms for determining antimicrobial activity. Furthermore, we screened the antioxidant activity for the oil. The aims of this study were to isolate and characterize the essential oils of Th. algeriensis, growing wild in Libya, for its volatile constituents, antioxidant attributes and antimicrobial activities.
Experimental Procedures

Plant material
The samples of Thymus algeriensis were collected during the flowering stage, in April 2010 from Zintan (Libya), which is located on the top of Western mountain (Aljabel Algarbi) at an approximate altitude of 700 m a.s.l. [12] . The plant was identified by Dr A. Felaly, Faculty of Science, Al-Gabel Al-Garbi University Libya, and later confirmed by one of the authors (P.D.M.). The sample was dried in shade at room temperature for 10 days. Voucher specimens where deposited in Herbarium of the Institute of Botany and Botanical Garden "Jevremovac" (BEOU), (voucher No. 16614).
Isolation of the essential oil
Air-dried aerial parts of Th. algeriensis derived from wooden parts (100 g) were submitted for hydrodistillation in 500 ml H 2 O, using Clevenger-type apparatus for 3 h, according to the standard procedure described in the European Pharmacopoeia [19] . The obtained oil was dehydrated over anhydrous sodium sulfate and stored in sealed dark vials, then kept at 4ºC until further analysis. The oil yield (v/w) on a dry weight basis is given in Table 1 .
GC and GC-MS analysis
Qualitative and quantitative analyses of the oils were performed using GC and GC-MS. The GC analysis of the oil was carried out on a GC HP-5890 II apparatus, equipped with split-splitless injector, attached to HP-5 column (25 m x 0.32 mm, 0.52 µm film thickness) and fitted to FID. Carrier gas flow rate (H 2 ) was 1 ml/min, split ratio 1:30, injector temperature was 250°C, detector temperature 300°C, while column temperature was linearly programmed from 40-240°C (at rate of 4°/min). The same analytical conditions were employed for GC-MS analysis, where HP G 1800C Series II GCD system equipped with HP-5MS column (30 m x 0.25 mm, 0.25 µm film thickness) was used. Transfer line was heated to 260°C. Mass spectra were acquired in EI mode (70 eV), in m/z range 40-400. Identification of the individual oil components was accomplished by comparison of retention times with standard substances and by matching mass spectral data with those held in Wiley275 library of mass spectra. Confirmation was performed using AMDIS software and literature [20] . For the purpose of quantitative analysis, mass percent reports obtained by FID were used as a base.
Antioxidant activity (DPPH assay)
Radical scavenging using DPPH radical is considered to be one of the main mechanisms by which antioxidants act in the food system. The DPPH method we used in this study has been previously described [21] . The stable 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) was used for determination of free radical-scavenging activity of the oils and their main compounds (thymol and carvacrol). A methanolic solution (0.04 mg/ml) was prepared, and then 1800 ml of this solution was added to 200 ml of essential oil in methanol at different concentrations. The absorbance of remaining DPPH radical was measured spectrophotometrically at 517 nm using a Jenway 6305 UV/Vis spectrophotometer (Sineks Laboratory, UK) after 30 min at room temperature for all samples. Methanol was used as a blank, while methanol with DPPH solution was used as a control. All measurements were taken in triplicate and special care was taken to minimize the loss of free radical activity of the DPPH. Butylated hydroxyanisole (BHA) was used as a positive control. DPPH scavenging capacity expressed in percentage (%) was calculated using the following equation: % inhibition = [(A 0 -A 1 )/A 0 ]x100 where A 0 is the absorbance of control sample (without essential oils), and A 1 is the absorbance of the samples with essential oils at different concentrations. Oils concentrations (mg/ml) providing 50% inhibition (IC 50 ) were calculated from a graph plotting scavenging activity against oil concentration.
Antibacterial activity
The following Gram-negative bacteria were used: bacteria [22] [23] [24] . The bacterial suspensions were adjusted with sterile saline to a concentration of 1.0x10 5 CFU/ml. From 1000 μl of the overnight culture (10 9 ), 100 μl was taken and added to 900 μl pure clean medium. This procedure was repeated 4 times to obtain a final concentration of 10 5 cells/ml. The inocula were prepared daily and stored at 4°C until use. Dilutions of the inocula were cultured on solid media to verify the absence of contamination and to check the validity of the inoculum.
Microdilution test
The minimum inhibitory and bactericidal concentrations (MICs and MBCs) were determined using 96-well microtitre plates. The bacterial suspension was adjusted with sterile saline to a concentration of 1.0x10
5 CFU/ml. The microplates were filled with 180 ml of Tryptic Soy Broth medium in first row and the remaining rows were filled with 100 ml of TSB medium. Essential oil or compounds tested were added in aliquots of 10 ml in the first row, and 10 ml of appropriate bacterial inoculum, 1.0x10 4 cfu per well, was added. The final volume in the first row was 200 ml and 100 ml was then removed and placed into another row, continuing in this manner until the end of the plate using the serial dilution method to reduce the concentration by half in each subsequent row. The microplates were incubated for 24 h at 37°C. The lowest concentrations without visible growth (using a binocular microscope) were defined as concentrations that completely inhibited bacterial growth (MICs). The MBCs were determined by serial sub-cultivation of 2 ml into microtitre plates containing 100 ml of broth per well and further incubation for 72 h. The lowest concentration with no visible growth was defined as the MBC, indicating 99.5% kill rate the original inoculum. The following day, 30 μl of 0.2 mg/ml solution of INT (p-iodonitrotetrazolium violet) was added, and the plates were returned to the incubator for at least one-half hour to ensure adequate color reaction. Inhibition of growth was indicated by a clear solution or a definite decrease in color reaction. Streptomycin was used as a positive control (1 mg/ml DMSO). Two replicates were done for each compound.
Antifungal activity
For the antifungal bioassay eight fungi were used: Aspergillus flavus (ATCC 9643), Aspergillus fumigatus (human isolate), Aspergillus niger (ATCC 6275), Aspergillus ochraceus (ATCC 12066), Penicillium funiculosum (ATCC 36839), Penicillium ochrochloron (ATCC 9112), Trichoderma viride (IAM 5061) and C. albicans (human isolate). The organisms were obtained from the Mycological Laboratory, Department of Plant Physiology, Institute for Biological Research "Siniša Stanković", Belgrade, Serbia. The micromycetes were maintained on malt agar and the cultures stored at 4°C and sub-cultured once a month [25] . In order to investigate the antifungal activity of the essential oil, a modified microdilution technique was used [22] [23] [24] . The fungal spores were washed from the surface of agar plates with sterile 0.85% saline containing 0.1% Tween 80 (v/v). The spore suspension was adjusted with sterile saline to a concentration of approximately 1.0x10 5 in a final volume of 100 ml per well. The inocula were stored at 4°C for further use. Dilutions of the inocula were cultured on solid malt agar to verify the absence of contamination and to check the validity of the inoculum. Minimal inhibitory concentrations (MIC) were determined by a serial dilution technique using 96-well microtiter plates. The compounds investigated were dissolved in DMSO (1 mg/ml) and added in broth Malt medium with inoculum. The microplates were incubated for 72 h at 28°C, respectively. The lowest concentrations without visible growth (using a binocular microscope) were defined as MICs. The fungicidal concentrations (MFCs) were determined by serial subcultivation of 2 ml into microtiter plates containing 100 ml of broth per well and further incubation 72 h at 28°C. The lowest concentration with no visible growth was defined as MFC indicating 99.5% kill rate of the original inoculum. DMSO was used as a negative control, commercial fungicide, bifonazole, was used as positive control (1-3000 mg/ml).
Results and Discussion
Analysis of the essential oil
According to GC-MS analysis of Th. Algeriensis, forty-five compounds were identified representing 99.67% of the total oil. The results of GC-MS analysis and oil yield are listed in Table 1 . The essential oil of Th. algeriensis was characterized by domination of monoterpenes, representing 80.80% of the total oil. The class of oxygenated monoterpenes had the highest representation in the essential oil at 54.67%, followed by monoterpene hydrocarbons at 26.13% of the total oil. Sesquiterpenes in the oil reached 3.08% (Table 1) . These results are similar to those of previous studies reported by different authors [15, 16, [26] [27] [28] [29] [30] .
The essential oil composition of Th. algeriensis was characterized by high percentage of thymol (38.50%) as the main compound, followed by p-cymene (8.91%), γ-terpinene (7.19%) bornyl acetate (7.03%), borneol (6.03%), carvacrol (4.69%), thymol methyl ether (3.81%), thymol acetate (2.75%), linalool (2.42%), myrcene (1.34%), β-caryophyllene (1.32%) and β-bisabolene (1.03%). Thus, wild-growing Libyan Th. algeriensis collected from Zintan can be determined as thymol chemotype. Similar studies have reported that Th. algeriensis from Algeria was thymol chemotype [4] . In contrast, the main compound of Libyan Th. algeriensis essential oil collected from Grian, 100 km from Zentan, contained carvacrol followed by thymol, but bornyl actate was not detected, [15] the content of which in our study was 7.03%. Also, it has been reported that the major compound of Th. algeriensis essential oils collected from two different locations in Morocco was carvacrol (80.40% and 49.3%) [16] . However, in another study of essential oil of this species grown in Morocco, it has been shown that the main compounds were camphor (27.7%) and α-pinene (20.5%) [17] .
Antioxidant activity
The results of DPPH scavenging assay of the Thymus algeriensis, its principal components and BHA are shown in Figure 1 . Our findings showed that the Th. algeriensis essential oil possessed a strong antioxidant activity with IC 50 =0.299 mg/ml, and it was better than thymol 0.403 mg/ml and less than carvacrol (IC 50 =0.105 mg/ml). That can be attributed to the high percentage of oxygenated monoterepenes, especially thymol and carvacrol [18] , which together represent 43.19% of the total oil. The oil also showed lower antioxidant activity than BHA. The DPPH scavenging activity of Algerian thyme species oils was claimed to be attributed to the presence of phenolic compounds such as thymol or carvacrol [4] . The key role of phenolic compounds as scavengers of free radicals is also reported in earlier papers. On the contrary, it was reported that essential oil of Tunisan Th. algeriensis displayed relatively high DPPH radical-scavenging activity, despite of absence of thymol and carvacrol [18] . These results imply that non-phenolic contents could be also responsible for this activity. Nevertheless, it is hard to attribute the antioxidant activity to one or few active compounds of total essential oil since both minor and major constituents can make a significant contribution to the activity of oil [31] . Moreover, radical-scavenging activity is one of various mechanisms contributing to the overall activity, thereby creating a synergistic effect [32] .
Antibacterial activity
Results of antibacterial activity of essential oil of Th. algeriensis are presented in Table 2 . Tested oil showed very strong antibacterial activity against all strains. It was effective at 0.001-0.05 mg/ml and bactericidal activity was achieved at 0.0025-0.05 mg/ml. It could be related to oxygenated monoterpenes and monoterpene hydrocarbon components [33] which together constitute about 80.80% of the oil (Table 1) . Thymol exhibited high antibacterial activity with MIC at 0.025-0.1 mg/ml and MBC at 0.05-0.15 mg/ml. The oil tested showed higher antibacterial activity than thymol and carvacrol, which had MIC at 0.0025-0.05 mg/ml and MBC at 0.005-0.1 mg/ml. It is obvious that essential oil possessed better antibacterial activity than compounds thymol and carvacrol which could be explained by synergistic activity of other compounds present. Streptomycin showed an inhibitory effect at 0.0005-0.001 mg/ml and bactericidal activity at 0.0005-0.002 mg/ml. Th. algeriensis essential oil showed slightly lower antibacterial activity than streptomycin, and better than thymol and carvacrol (Table 2) .
Antifungal activity
Results of the antifungal activity of oil tested are presented in Table 3 . As in the case of the antibacterial Figure 1 . Comparison Table 3 . Antifungal activity of Th. algeriensis essential oil, thymol, carvacrol and bifonazole, tested by microdilution method (MIC and MFC in mg/ml).
activity, the oil showed strong antifungal potential, with MIC 0.0005-0.025 mg/ml and MFC 0.001-0.05 mg/ml. Th. algeriensis oil again showed better potential than thymol which gained MIC at 0.0125-0.05 mg/ml and MFC at 0.025-0.05 mg/ml, while carvacrol exhibited inhibitory activity at 0.0125-00.025 mg/ml and fungicidal activity at 0.0125-0.05 mg/ml. Bifonazole exhibited much lower antifungal activity than the oil tested. MIC was at 1.5-2.0 mg/ml and MFC at 2.0-2.5 mg/ml. Fungi were more sensitive than bacteria (Tables 2 and 3 ).
Comparing the previous data with the chemical composition of the oil, it becomes evident that there is a relationship between the high activity of the Thymus type oils and the presence of phenolic components, such as thymol and carvacrol. The high antimicrobial activity of this essential oil could be explained by the high percentage of phenolic components. It seems possible that phenolic components may interfere with cell wall enzymes like chitin synthase/chitinase as well as with the α-and β-glucanases of the fungus [34] . Consequently, the high content of phenol components may account for the high antifungal activity of the oils [35] . From our results it can be seen that essential oil of the investigated species as well as individual phenolic monoterpenes carvacrol and thymol have very high antifungal activities, even higher than the commercial fungicide bifonazole.
According to obtained results it is obvious that the oil showed either very good antibacterial or antifungal activity. These results could be related to the high percentage of phenolic compounds, such as carvacrol and thymol [3, 21, [36] [37] [38] . Furthermore, it has been reported that the antifungal activity of Thymus pallescens from Oued Rhiou or El-Asnam regions in Algeria is attributed to their high content in thymol and carvacrol [4] . In fact, it is difficult to attribute the antimicrobial activity of Th. algeriensis essential oil, characterized by a complex mixture, to a single or particular constituent. In fact, some studies have concluded that whole essential oils have a greater antibacterial activity than a mixture of all the major components [39] .
Conclusions
In conclusion, given that Thymus algeriensis essential oil possessed wide antimicrobial spectrum and potency against important bacterial and fungal species, it may have potential as an antimicrobial agent in many applications. The fact that essential oil is a natural product makes it attractive, and further research to elucidate its mode of action is necessary.
